INTRODUCTION
============

The olive flounder (*Paralichthys olivaceus*) is one of the most important fish species and constitutes more than 50% of the total fish community biomass. Therefore, it plays an important role in aquaculture and fisheries in South Korea. In most oviparous fish, including the olive flounder, larval survival depends upon the timely response of the innate immune system. It is customary to divide the immune system into the innate (nonspecific) and the acquired (specific) immune systems. However, an increasing body of evidence regarding fish and mammalian immunology shows that these are actually combinational systems ([@R13]).

The innate immune response generally precedes the adaptive response, activates and determines the nature of the adaptive response, and cooperates with the adaptive response in the maintenance of homeostasis ([@R12]). By definition, the innate immune system's recognition of nonself is mediated by germline-encoded pattern recognition proteins/receptors that identify patterns of molecular characteristic of microbes. These molecules include polysaccharides, lipopolysaccharides (LPSs), peptidoglycans, bacterial DNA, double-stranded viral RNA, and other molecules not normally found on the surface of multicellular organisms ([@R23]; [@R24]; [@R11]). This characteristic of the innate system is fundamentally different from the recognition arrangement of the acquired immune system and has its roots in ancient evolutionary history, or as far back as the early metazoa (Porifera), which evolved around a billion years ago. The origin of the acquired immune system can be traced back to the origin of the jawed vertebrates about 450 million years ago, with the advent of the recombination activating genes (RAGs) ([@R33]). Their appearance signaled the onset of rearrangement of the immune globulin (Ig) super-family genes, the B-cell and T-cell receptors, and the MHC classes, leading to the possible recognition of practically unlimited numbers of antigenic epitopes ([@R4]; [@R10]). Increased diversity and advanced affinity maturation and memory have perfected the evolution of the acquired system as seen in mammals. However, there are several examples of the innate immune systems of fish being more active and showing more diversity than comparable components of mammalian species ([@R27]).

Cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells play important roles in immune defense by destroying infected tissues ([@R7]). These cells induce apoptosis by two pathways ([@R15]). One pathway involves the engagement of target cell death receptors through the Fas/Fas ligand ([@R3]), while the other, the granule-exocytosis pathway, involves perforin and granzymes ([@R26]; [@R19]). Perforin has been suggested to be one of the effectors of cell-mediated killing ([@R20]; [@R6]; [@R30]). Perforin is expressed by CTLs and NK cells, and is stored in cytoplasmic granules of CTLs and NK cells, but is not found in helper T-cells or other immune cells ([@R21]). Perforin monomers insert themselves into the plasma membrane of target cells, polymerize into pore-forming aggregates in the presence of calcium, and form transmembrane channels. Pores formed by perforin range from 5 to 20 nm in internal diameter and cause osmotic lysis of the target cells ([@R22]; [@R2]). The pores also allow a family of proteases, known as granzymes, to enter the target cell and induce apoptosis ([@R31]; [@R14]).

On searching through a national center for biotechnology information database (NCBI), we found a sequence similar to perforin. However, the temporal expression patterns of this perforin-like gene during the developmental stages and in normal tissues of olive flounder are unknown. The purpose of this study was to examine the expression patterns of perforin in normal tissues of the olive flounder and during the development of the innate immune system in newly hatched olive flounders.

MATERIALS AND METHODS
=====================

1.. Fish breeding and RNA purification
--------------------------------------

All experimental fish were raised at Genetics and Breeding Research Center, National Fisheries Research and Development Institute (NFRDI) and maintained in 10 tons flow through tank at 20±1°C under a natural photoperiod. Different stages of embryo (0.92±0.02 mm), larvae (2.49±0.34 mm) and juvenile (3.5±0.45 mm) development were described from fish kept at 20°C in the tank. Several tissues of 2 years (38cm±SEM) old were used to in olive flounder. The samples of 10 fish were randomly collected and frozen in 70°C deep freezer until isolation of total RNA. Pooled eye tissues were homogenized for 20 sec with Trizol reagent (Invitrogen, Carlsbad, CA, USA).

2.. Microscopic analysis
------------------------

Larvae were examined as previously described, fixed at room temperature, in 2.5% glutaraldehyde (Polysciences, Inc., Warrington, PA) in 0.1 M sodium cacodylate-HCl buffer, pH 7.3, for 10 min, and post fixed in 1% paraformaldehyde (Sigma-Aldevrepich, CA, USA) in the same buffer, for 20 min with 1% uranyl acetate for 1 h and ethanol dehydevrepation. The samples were examined under a stereo microscope (ZEISS CL1500 ECO Jena, Germany) imaging system at ×400 magnification of development was determined.

3.. Traditional reverse transcription-polymerase chain reaction (RT-PCR)
------------------------------------------------------------------------

Total RNA was extracted using the Trizol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s protocol. DNase-I (Sigma-Aldevrepich, CA, USA) was treated for removing genomic DNA contamination from RNA for 30 min at 37°C. The RNA samples were extracted with phenol/chloroform to inactivate the DNase I. RNA concentration was measured with spectrophotometer (Gene-Quant, Pharmacia Biotech), quality of RNA was checked by gel electrophoresis (1% agarose gel) and stored at --80°C until further use. RNA (100 ng) from each sample was transcribed to cDNA using Transcriptor First Strand cDNA synthesis kit (Roche Ltd., SWISS). The amplification was performed with AmpliTag Gold DNA Polymerase (Applied Biosystems., CA, USA) and *My cycler* Thermal Cycler (Bio-Rad Laboratories Inc., Hercules, CA, USA) using the following parameters: denaturation at 95°C for 10 minutes and 35 cycles of reactions of denaturation at 98°C for 10 s, annealing at 58°C for 30 s, and elongation at 72°C for 45 s. An aliquot of each PCR product was subjected to 1.5% (w/v) agarose gel electrophoresis and visualized by staining with ethidium bromide. The 5′ forward and 3′ reverse-complement PCR primers for amplification of each gene were as follows: Perforin (5\'-AGCATGTGAGCAAGTTCTGTCT-3\') and (5\'-GGC ATGACGGGACACATAC-3\'), *β*-Actin (5\'-TGATGAA GCCCAGAGCAAGA-3\') and (5\'-CTCCATGTCATCCC AGTTGG-3\'). Relative amount of each messenger RNA was quantified by dividing by density of housekeeping gene (Gene bank, HQ 386788.1).

4.. Real-time-PCR analysis
--------------------------

To evaluate arrestin mRNA levels, these primers were specifically designed to detect and quantify cDNA sequences without detecting genomic DNA. The Fast-Start DNA Master SYBR Green I (Roche Ltd., SWISS) was used as fluorescent reporter dye to detect amplification products in 7500 Fast Real Time PCR System (Applied Biosystems Inc. Carlsbad, CA, USA) using the following cycling conditions: denaturation at 95°C for 10 min and 40 cycles of reactions of denaturation at 95°C for 10 s, annealing at 58°C for 30 s, and elongation at 72°C for 30 s. Each sample was tested in triplicate to ensure statistical significance. The PCR efficiency (E%) of gene was derived from perforin (96.2%) and *β*-Actin (95.4%) respectively. The relative quantification of perforin gene expression was performed using the comparative *C*~t~ method. The *C*~t~ value is defined as the point where a statistically significant increase in the fluorescence has occurred. The number of PCR cycles (*C*~t~) required for the ROX intensities to exceed a threshold just above background was calculated for the test and reference reactions. In all experiments, *β*-Actin was used as the endogenous control. Results were analyzed in a relative quantitation study with the vehicle treated.

5.. Statistical analysis
------------------------

Data were analyzed using Sigma plot for Windows (Jandel Scientific, San Rafael, CA, USA). For unpaired matched comparative analysis of multiple groups, an analysis of variance (ANOVA) was performed. Data that did not meet normality assumptions were subjected to one way ANOVA on ranks, and then pair wise comparisons were made using the Student-Newman-Keuls (SNK) method.

RESULTS
=======

1.. Early development of nephrons in olive flounder (*Paralichthys olivaceus*)
------------------------------------------------------------------------------

To determine the origin of the two-nephron system during the early stages of development in the olive flounder, we first observed the lateral side of live olive flounder larvae 1 day after hatching (DAH) by using a dissecting stereo microscope. At this stage, the eye, yolk, anus, and the pronephric tubules and ducts attain their normal size and shape. The initial morphological changes that lead to nephron formation were clearly visible as early as 1-DAH in olive flounder larvae (Fig. [1A](#F1){ref-type="fig"}). The pronephros in 1-DAH larvae consists of a glomerulus, pronephric tubules, and paired pronephric ducts. Fig. [1A](#F1){ref-type="fig"} shows the glomerulus under the notochord at 1-DAH and the pronephric tubules extending laterally to connect with the pronephric ducts, which function as the collecting system.

![**Development of pronephron system formation of the olive flounder (*Paralichythys olivaceus*).** The experiment was fertilized eggs of olive flounder from the tank, oxygen supply and maintains a temperature of 20°C. Schematic dorsal view of the brain and eyes of a flat fish with key features labeled. (A) Photograph was shown during after hatching for 1 day, Magnification: ×400. The following structures can be identified in development olive flounder larvae under dissecting stereomicroscopes (pd, Pronephric ducts; pt, Pronephric tubules). Scale bar, 300 μm.](devrep-17-321-F1){#F1}

The glomerulus and tubules lie below the third somite and just caudal to the pectoral fins. The complete system, consisting of the paired pronephric tubules and ducts can be visualized in 3-DAH larvae ([@R28]).

2.. Expression analysis of the perforin gene during nephron development
-----------------------------------------------------------------------

The expression of a newly identified perforin was detected in olive flounder embryos and larvae by using traditional reverse transcription-polymerase chain reaction (RT-PCR). Although expression of the perforin gene was not detectable post-fertilization, it was detected from 1-DAH and increased continuously up to 5-DAH (Fig. [2A](#F2){ref-type="fig"}). Perforin expression in olive flounder at various stages of development and in various tissues was examined using real time PCR (Fig. [2B](#F2){ref-type="fig"}). Perforin was similarly expressed from 1-DAH to 5-DAH. In 2-year-old flounders, perforin mRNA was found to be expressed at similar levels in the kidneys, spleen, and gills, but was not expressed in the muscles, liver, eyes, fins, and brain (Fig. [3A](#F3){ref-type="fig"}, [3B](#F3){ref-type="fig"}). Expression of perforin increased with age in the primary immune organs, but decreased with age in the non-immune organs.These results show that perforin is expressed during the development of the immune system, which suggests that perforin plays a role in the immune mechanism in the early stages of development.

![**Expression of perforin gene induces in the development stage.** (A) The experiment was flounder fertilized eggs from the tank, oxygen supply and maintain a temperature of 20°C. Embryo and larva were harvested during hours post fertilization (HPF) and days after hatching (DAH) for the indicated periods. The RNA extracted and perforin was analyzed by RT-PCR method. (B) The mRNA expression of perforin was analyzed by real-time PCR. Different letters over each bar with the standard deviation represent significant differences one group according to unpaired matched comparisons (*p*\<0.05).](devrep-17-321-F2){#F2}

![**Expression analysis of purforin gene induces from several tissues in the olive flounder.** Experiments are examined with various periods of adult fish. (A) Perforin gene expression from the segmental tissue (B: brain, M: muscle, F: fin, E: eye, L: liver, S: spleen, K: kidney, G: gill) for the olive flounder at 2 years of age were analyzed using RT-PCR. (B) The mRNA expression of perforin was analyzed by real-time PCR. Different letters over each bar with the standard deviation represent significant differences one group according to unpaired matched comparisons (*p*\<0.05).](devrep-17-321-F3){#F3}

DISCUSSIONS
===========

Previous studies have established that the pronephric ducts are fully formed and patent to the exterior within 24 h post-fertilization in zebra fish ([@R18]; [@R17]). However, the formation of the pronephric tubules and glomeruli has not been described in any study. Guided by the position of the mature pronephric nephron, we examined the cellular structures medial to the anterior tips of the pronephric ducts at various time points to define the stages of nephron formation. At 1-DAH, a nephron primordium was visualized ventral to the third somite (Fig. [1A](#F1){ref-type="fig"}). The primordium at this stage appears as an infolding of the coelomic lining, with a clear opening to the coelom. This opening to the coelom could be considered the equivalent of a nephrostome observed in other fish species and in mature amphibian pronephroi ([@R9]; [@R29]).

Most of the generative and secondary lymphoid organs present in mammals are also found in fish, except the lymphatic nodules and the bone marrow ([@R16]). Instead, the head kidney, which is aglomerular, assumes hemopoietic functions and, unlike in higher vertebrates, is the principal immune organ responsible for phagocytosis, antigen processing, and formation of IgM and immune memory through melanomacrophagic centers ([@R25]; [@R8]). The kidney in fish is a diverse, Y-shaped organ that is placed along the body axis. The lower part is a long and is situated parallel to the vertebral column, most of which works as the renal system. The active immune part, the head kidney or the pronephros, is formed by two Y arms, which penetrate underneath the gills. In fish, this structure has a unique feature: the head kidney is also an important endocrine organ, homologous to mammalian adevrepenal glands, that releases corticosteroids and other hormones ([@R5]). Thus, the head kidney is an important organ with key regulatory functions and is the central organ for immune-endocrine interactions and even neuroimmunoendocrine connections ([@R32]; [@R1]).

As in previous reports, we also found that perforin is expressed during pronephron formation and in the lymphoid organs and tissues of 2-year-old flounders. Real-time PCR data showed that perforin mRNA is expressed and is detectable until 5-DAH (Fig. [2](#F2){ref-type="fig"}, Fig. [3](#F3){ref-type="fig"}). An interesting feature of the cytotoxic-perforin gene expression is its relatively high expression in the endocrine and lymphoid organs. Nephron formation was observed in the early developmental stages, and the perforin gene was significantly expressed in these stages, suggesting that perforin may play a crucial role in the larval immune system.

In conclusion, expression analysis of cytotoxic perforin during pronephron formation might provide information that could be useful in understanding the initial immune responses and growth of olive flounder larvae. Further functional studies on this gene will help elucidate the molecular regulatory mechanisms and the immune signaling pathways involved in pronephron formation in olive flounder, as well as identifying the perforin-mediated genes.
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